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Abstract 
Parathyroid hormone (PTH) inhibits Na+-dependent Pi uptake in renal epithelial cells from opossum kidney (OK). This requires an 
intact endocytic pathway, suggesting that one action of PTH may be to promote ndocytic removal of Na+/Pi cotransporters from the 
cell membrane. The present study tested if PTH, at a dose that inhibited membrane Pi transport, also produced an increase in endocytic 
activity. Pi transport was measured in isolated plasma membrane vesicles. Endocytosis was measured by allowing cells to take up 
horseradish peroxidase (HRP) followed by assay of triton-sensitive (latent) HRP activity in subcellular fractions isolated by density 
gradient centrifugation. Incubation of OK cells with 10 -7 M PTH for 3 h decreased Na+/Pi cotransport by membrane vesicles to 
328 _+ 54 pmol/mg/min compared to 448 _+ 67 pmol/mg/min (mean _+ S.E., P < 0.03) in controls. Latent HRP content of endosomal 
fractions was dependent on the time and temperature used to load cells with HRP and on the concentration fHRP. However, incubation 
of OK cells with 10 -7 M trfH for either 1 or 3 h produced no change in latent HRP activity. Thus the action of PTH on the Na+/Pi 
cotransporter in the plasma membrane of OK cells does not require a change in the rate of endocytosis. 
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1. Introduction 
An endosomal pool of functional Na+/Pi  cotrans- 
porters is present in rat renal cortex [1,2], but the possible 
role of these transporters in regulation of renal Pi transport 
has not been determined. Studies on the action of parathy- 
roid hormone (PTH) in rats [3,4] have shown that PTH 
action on renal Pi transport is blocked by colchicine, a 
microtubule-disrupting a ent. Colchicine also interfered 
with PTH action on Pi uptake by opossum kidney (OK) 
cells [5], a cultured cell model of the renal proximal 
tubule. These data indicate that an intact microtubular 
network is required for the inhibitory action of PTH on 
Na+/Pi  cotransport. Intact microtubules are also required 
for endocytosis. The importance of endocytosis in the 
response of OK cells to PTH was shown by the partial 
blockade of PTH action on Na+/Pi  cotransport when 
endocytosis was inhibited, by hyperosmolar medium [6]. 
These results are consistent with the view that PTH action 
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on renal Na+/Pi  cotransport may involve endocytic inter- 
nalization of the cotransporters from the plasma mem- 
brane. Internalization may be followed by proteolysis since 
the recovery of OK cells after PTH removal appears to 
require de novo protein synthesis [5]. 
Additional evidence which provides indirect support for 
an endocytic mechanism was obtained with binding studies 
using phosphonoformic a id, a specific inhibitor of Na +/Pi 
cotransport. The Pi-protectable component of Na+-depen - 
dent binding of this ligand to rat renal brush border 
membranes was decreased when the rats were pretreated 
with PTH [7], as would be expected if cotransporter p o- 
teins were removed from the membrane. Recent work with 
antiserum to the rat Na+/Pi  cotransporter [8] supports 
these findings. It was shown by Western blot analysis that 
the content of cotransporter protein in rat brush border 
membranes was decreased after treating rats with PTH at a 
dose that inhibited Na+/Pi  cotransport [9]. 
Changes in OK cell endocytic activity induced by non- 
physiological factors are associated with changes in 
Na+/Pi  cotransport [10,11]. We determined in the present 
study if PTH, a physiological regulator of renal Pi trans- 
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port, produced a change in the endocytic activity of OK 
cells. Endocytosis was determined using cell uptake of 
horseradish peroxidase (HRP) [10], followed by sucrose 
gradient fractionation of a microsomal fraction and mea- 
surement of HRP activity with the use of detergent. This 
strategy, unlike measurements of endocytosis based on 
total HRP activity in whole cells [12], avoided problems 
due to variable and non-specific binding of HRP to the cell 
surface or to organelles released uring disruption of the 
cells. 
2. Materials and methods 
OK cells [6] were propagated in culture-grade plastic 
flasks using a 1:1 mixture of Dulbecco's modified Eagle's 
medium and Ham's nutrient medium F12 containing l0 
mM Hepes, 28 mM NaHCO 3 and Penicillin-G (100 U/ml),  
and supplemented with 10% (v/v)  bovine calf serum. 
Cultures were incubated at 37°C in 5% CO 2 in air. 
Cultures for study were seeded to 75 cm 2 flasks and grown 
to near confluency over 7-10 days. During this period the 
medium was replenished every other day. On the day 
before incubation with HRP or PTH, the growth medium 
was replaced with serum-free medium containing 0.1% 
bovine serum albumin. 
After incubation of OK cell monolayers for 3 h in the 
presence or absence of 10 -7 M PTH (bovine, 1-34 frag- 
ment, Sigma), plasma membrane vesicles were prepared 
by the magnesium precipitation method [13]. About 5 X 107 
cells (three flasks) were used for each membrane prepara- 
tion. The cells were collected by scraping, washed in 30 
ml ice-cold buffer containing 12 mM Tris, 300 mM manni- 
tol and 5 mM EGTA (pH 7.1), and resuspended in 7 ml of 
the same buffer which was then made hypotonic by addi- 
tion of 13 ml water. The cells were disrupted by nitrogen 
cavitation after equilibration at 700 psi for 30 rain [13]. No 
intact cells were detected by phase contrast microscopy 
following this treatment. After addition of MgCI~ (10 mM) 
to the resulting homogenate, the mixture was incubated on 
ice for 30 min and centrifuged at 2400 × g for 10 min. 
The supernatant was centrifuged at 30 000 × g for 30 min 
and the plasma membrane pellet was resuspended in 300 
mM mannitol, 10 mM Tris (pH 7.4). Compared to the cell 
homogenate, the final membrane pellet exhibited a 6-fold 
enrichment in activity of y-glutamyltranspeptidase, n s- 
tablished plasma membrane marker [13]. Na+/Pi cotrans- 
port by plasma membrane vesicles was determined by the 
rapid filtration procedure used as described previously in 
detail [ 1,4,13]. 
Endocytic uptake of HRP was determined by a proce- 
dure developed for a colonic epithelial cell line [14,15]. All 
incubations were carried out at 37°C in a 5% CO2-95% 
air atmosphere using three 75-cm 2 flasks for each prepara- 
tion. OK cells were preincubated for 30 min in salt solu- 
tion containing (in raM): 25 NaHCO 3, 100 NaCI, 4.5 KC1, 
1.8 NazHPO 4, 2.0 NaH2PO 4, 1.0 CaCl 2, 1.0 MgCI 2, 13.3 
glucose and 1.0 mannose (pH 7.4). Uptake of HRP was 
determined in the same medium and the standard condi- 
tions were 30 rain incubation with HRP at a final concen- 
tration of 5 mg/ml.  Uptake was terminated by aspirating 
the medium followed by several washes in ice-cold ho- 
mogenization buffer containing (in raM): 300 mannitol, 1 
EGTA, 10 Hepes, 5 dithiothreitol and 1 mannose (pH 7.4). 
The osmolality was 350 mOsm/kg. When HRP uptake 
was to be determined uring incubation with PTH, the 
HRP was added directly to serum-free medium used for 
the final 30 min of exposure to PTH. The cells were 
collected by scraping, suspended in homogenization buffer 
and disrupted by nitrogen cavitation as described above. 
After centrifugation at 300 X g for 5 min, the postnuclear 
supernatant was centrifuged at 48 000 x g for 60 rain to 
pellet a microsomal membrane fraction. This pellet was 
resuspended in homogenization buffer and layered on top 
of a discontinuous gradient formed from 20%, 40% and 
60% (w/v)  sucrose. Following centrifugation i a swing- 
out rotor at l l0000Xg for 90 rain, the gradient was 
pumped off and collected in 2-ml fractions. 
Gradient fractions were assayed for protein and y- 
glutamyltranspeptidase by the procedures described previ- 
ously [1,13]. Sucrose concentration was determined with a 
refractometer, and osmolality was determined by freezing 
point depression using an osmometer. HRP activity was 
measured by a colorimetric reaction in the presence and 
absence of 0.1% Triton X-100. Latent HRP activity is 
defined as the activity in the presence of detergent minus 
the activity in the absence of detergent. Latent HRP repre- 
sents HRP trapped within endosomes [ 14,16] and was used 
as the measure of the endocytic activity of the cells. 
Samples (0.1 ml) of gradient fractions were added to a 
reaction mixture containing 0.4 mM o-dianisidine (mem- 
brane-impermeable chromogen), 0.03% H202, and 50 mM 
potassium phosphate (pH 5.0), with or without 0,1% (v/v)  
Triton X-100 [6,16]. The osmolality of this solution was 
313 mOsm/kg, due in part to traces of methanol used to 
dissolve o-dianisidine. Product formation was monitored at 
460 nm and increased linearly with time during the initial 
2 min. 
Whole cell uptake of HRP and Na+/Pi cotransport by 
OK cells in monolayer culture were determined exactly as 
described in a previous tudy [6]. 
Control and experimental groups of cells were always 
treated, fractionated, and analyzed in parallel. All experi- 
ments were performed at least twice and representative 
experiments are shown. Differences between groups were 
analyzed by the Student t-test for paired comparisons and 
a significant difference was indicated by P < 0.05. 
3. Results and discussion 
Incubation of OK cells with PTH for 3 h produced 
significant inhibition of Na+/Pi  cotransport determined at 
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Fig. 1. Uptake of Pi by plasma membrane vesicles from control OK cells 
(C) and from OK cells treated for 3 h with parathyroid hormone (PTH) at 
10 .7 M. Uptake was determined after incubation for either 1 or 120 min 
with Na + in the extravesicular medium (open bars) and when Na ÷ was 
replaced by K + (hatched bars). Data are mean + S.E. from three separate 
experiments. * Significantly different (P  < 0.03) compared to controls. 
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1 min during the initial overshoot phase. However, Pi 
uptake at equilibrium (120 min) was not different from 
controls, indicating that the difference at 1 min was not 
due to a difference in vesicle size (Fig. 1). Pi uptake was 
markedly reduced when Na ÷ was replaced by K ÷, and the 
Na+-independent Pi uptake was not changed by PTH at 
either 1 or 120 min (Fig. 1). Inhibition of the Na+-depen - 
dent component of Pi uptake at this dose of PTH was 
29_  3% (n = 3). These data indicate that the inhibitory 
action of PTH on Pi uptake by whole cells [5,6,17] may be 
due, at least in part, to inhibition of the Na+/Pi  cotrans- 
port system in the plasma membrane. Studies on OK cells 
grown on permeant supports have shown that only the 
Na+/Pi  cotransporter in the apical membrane surface is 
regulated by PTH [17]. 
Kinetic analysis based on 30-s uptakes, a time point 
within the linear range [13], revealed that PTH action 
produced a decrease in apparent Vma x with no change in 
apparent  K m for Pi (Fig. 2). Mean values for the gma x
from two experiments were 1.09 in controls compared to 
0.65 nmol /mg/30s  after PTH. Corresponding K m values 
were 0.11 mM (controls) ',and 0.13 mM (PTH). The Vma x 
change in response to PTK is consistent with the possibil- 
ity that Na+/Pi  cotranspo~rters may be removed from the 
plasma membrane [5-7,9]. Previous studies on PTH action 
in OK cells showed that treatment with PTH for 3 h 
decreased the content of four specific proteins in an apical 
membrane fraction [18]. 
When OK cell micro~,;omes were fractionated on a 
sucrose gradient, visual inspection revealed a band of 
material at the 20-40% interface. The protein concentra- 
tion, however, was highest in the two fractions at the top 
of the gradient compared to the 20-40% and 40-60% 
interfaces (Fig. 3). The osmolality of the gradient fractions 
increased from 374 mOsm/kg at the top of the gradient 
Fig. 2. Double-reciprocal plot of Na+/P i  cotransport at 30 s by plasma 
membrane vesicles from control cells and cells treated with 10 -7 M 
parathyroid hormone (PTH) for 3 h. The correlation coefficient for both 
lines was 0.99. 
(fraction 6) to 635 mOsm/kg at the bottom (fraction 17), 
Thus endosomes and other vesicular structures were not 
subjected to hypotonic stress and remained intact during 
fractionation. 
Distributions of enzyme markers in the sucrose gradient 
were very consistent between different experiments. When 
cells were loaded with HRP (5 mg/ml)  at 37 ° C, the 
highest latent HRP activity was located at the top of the 
gradient and a second pool of activity was at the 20-40% 
interface. Very little activity was present at the 40-60% 
interface (Fig. 4A). When HRP was loaded at 4 ° C, there 
was no change in latent HRP activity at the top of the 
gradient, but the activity at the 20-40% interface was 
markedly reduced (Fig. 4A). Since endocyfic uptake of 
HRP is a temperature-sensitive process [6,14], this finding 
indicates that the 20-40% interface contains the endo- 
somes. The presence of Triton X-100 in the HRP assay 
mixture increased the HRP activity in these fractions by 
31 + 3% (mean _+ S.E., n = 12) compared to the activity 
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Fig. 3. Protein distribution after fractionation of  a microsomal membrane 
fraction from OK cells on a sucrose gradient. 
146 M.S. Paraiso et al. / Biochimica et Biophysica Acta 1266 (1995) 143-147 
5o p A 
* ,  
, i  
, 
d ' 
I i 
8 ,q 
,o 
0 
| ! 
2O 40 
% SUCROSE, w / w 
2.50 
z 
8 
~1 o 
60 0 
B 
? 
/ 
20 40 60 
% SUCROSE, w / w 
Fig. 4. Distribution of latent HRP activity (A) and 3,-glutamyltranspepti- 
dase activity (B) in sucrose gradient fractions after loading cells with 
HRP (5 mg/ml) for 30 min at either 4 ° C (dashed line) or 37 ° C (solid 
line). 
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Fig. 5. Latent HRP activity at the 20-40% sucrose interface. (A): Cells 
loaded for 30 min with HRP at either 5 mg/ml (dashed line) or 20 
mg/ml (solid line). (B): Cells loaded with HRP (5 mg/ml) for 5, 30 or 
60 min. 
measured in the absence of detergent. HRP activity de- 
tected without detergent may represent free HRP that 
becomes bound to the exterior of organelles and membrane 
vesicles during the homogenization process. Much of the 
HRP at the top of the gradient probably represents soluble 
HRP but the latent component indicates the presence of 
intravesiclar HRP. The origin of this material is unknown 
but it is unlikely to be endosomal since the latent HRP 
activity is unchanged by low temperature treatment (Fig. 
4A). 
The highest activity of ),-glutamyltranspeptidase was 
located at the 20-40% interface. There was negligible 
activity at the top of the gradient or at the 40-60% 
interface (Fig. 4B). Since this is a plasma membrane 
enzyme [13], the data indicate that the 20-40% interface is 
the major location of plasma membrane vesicles. As ex- 
pected, the activity at the 20-40% interface was not 
changed by HRP loading at 4 ° C instead of 37°C (Fig. 
4B). Furthermore, the presence of Triton in the assay 
buffer did not change the T-glutamyltranspeptidase activity 
in the gradient fractions. As discussed above, if some HRP 
binds to the exterior of plasma membrane vesicles during 
cell homogenization, this may help explain the presence at 
the 20-40% interface of HRP activity that is detectable in
the absence of detergent. 
Subsequent experiments were focused on the fractions 
at the 20-40% interface. The amount of latent HRP activ- 
ity in these fractions increased markedly when the extra- 
cellular HRP concentration used to load the cells was 
increased from 5 to 20 mg/ml (Fig. 5A). Similarly, an 
increase in the incubation time for loading with HRP (5 
mg/ml) also increased the amount of latent HRP at the 
20-40% interface (Fig. 5B). These observations of the 
dependence of latent HRP activity on the time and concen- 
tration used for loading OK cells with HRP strongly 
supports the suggestion that the endosomes are located at 
the 20-40% interface. 
The final studies examined the effect of PTH on the 
latent HRP activity at the 20-40% interface. The material 
in these fractions was not collected by centrifugation f the 
combined fractions. The reason for this was to avoid 
introducing errors due to possible disruption of endosomes 
and loss of latent HRP. The results from several experi- 
ments were expressed by using, from each experiment, the 
highest value for the latent HRP activity at this interface. 
Previous results (Figs. 4 and 5) showed that changes in the 
Table 1 
Latent peroxidase activity in peak fraction at 20/40 interface from control and PTH-treated cells 
Density of peak fraction (% sucrose, w/w)  Latent HRP activity (OD units/min/mg protein) 
PTH for 1 h(n  = 6) 
Controls 36 + 1 7.0 + 1.7 
PTH-treated 34 + 2 8.4 5:2.0 
PTH for 3 h (n = 4) 
Controls 34 5:1 5.4 + 1.0 
PTH-treated 35 5:1 7.8 5:2.3 
OK cell monolayers were incubated in serum-free medium with 10 -7 M PTH for either 1 or 3 h. Horseradish peroxidase (HRP) was added for the last 0.5 
h at a final concentration f 5 mg/ml. Cells were washed, homogenized and fractionated on a stepwise sucrose gradient. Each fraction at the interface 
between 20 and 40% sucrose was assayed for latent HRP activity using detergent. Full details in Section 2. Controls and PTH-treated cells were always 
compared in the same experiment. Data are mean + S.E. of 4-6 separate xperiments. 
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latent HRP activity in the peak fraction at the 20-40% 
interface reflected accurately the changes in all other frac- 
tions at this interface. Furthermore, the location of this 
peak fraction in the sucrose gradient was highly repro- 
ducible and was not significantly different between control 
and PTH-treated cells (Table 1). OK cells were treated 
with PTH (10 -7 M) for either 1 or 3 h. The latter 
conditions produced inhibition of the plasma membrane 
Na+/P i  cotransporter (Fig. 1). However, neither the short 
nor long incubation with PTH resulted in a significant 
change in the latent HRP activity in the peak fraction 
(Table 1). Latent HRP activity was expressed relative to 
the total protein content of the fraction. Non-endosomal 
protein (from plasma membranes) is also present in this 
fraction (Fig. 4B). If PTH activated the rate of formation 
of endocytic vesicles, this would be detected as an increase 
in latent HRP normalized to total protein content. The 
increase in latent HRP (solely endosomal) in this fraction 
would be greater than the; increase in the total protein 
content. However, this did not occur. 
Whole cell uptake of HRP (i mg/ml )  also was not 
changed by either short or long incubation with PTH (10 -7 
M). For example, cell uptake of HRP was 280 5= 60 in 
controls conpared to 200 _+ 80 ng HRP/mg cell 
protein/min (mean _+ S.E., n = 4) after chronic (3 h) PTH 
treatment. Since HRP uptake was normalized to total cell 
protein, these results confirm that PTH does not increase 
the rate of formation of endocytic vesicles. Under these 
conditions, as described previously [6], chronic PTH pro- 
duced marked inhibition (by 46%) of whole cell Pi uptake. 
Na+/P i  transport was decreased to 2.6 + 0.1 after PTH 
compared to 4.8 +0.2  nmol /mg/10  min (n =4,  P < 
0.02) in controls. 
We conclude that the inhibitory action of PTH on Pi 
transport at the plasma membrane level occurs without 
significant changes in cell endocytic activity. Since an 
active endocytic pathway is important for the full in- 
hibitory action of PTH on apical membrane Pi transport 
[5-7,9], it is possible that PTH may stimulate preferential 
shuttling of Na- /P i  cotransporters into endocytic vesicles. 
In this way, the endocytic removal of Na+/P i  cotrans- 
porters could be increased by PTH without increasing the 
overall rate of endocytosis. The phosphorylation of spe- 
cific membrane proteins in response to PTH [18] might 
serve to activate the shuttling of transporters into endocytic 
vesicles or may directly label the Na+/P i  cotransporters so
that they can be recognized and moved preferentially into 
areas of the membrane where endocytic vesicles are being 
formed. 
An alternative xplanation to consider is there might be 
increased formation of a small sub-population of endocytic 
vesicles specifically for carrying Na+/P i  cotransporters. 
This change would not be detected by the use of HRP 
which is a non-specific endocytic marker. It also remains 
to be determined if changes in endocytosis may occur in 
clones of OK cells which are more sensitive to PTH action 
on Pi transport at the membrane level. 
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